Abstract-End users increasingly expect ubiquitous connectivity while on the move. With a variety of wireless access technologies available, we expect to always be connected to the technology that best matches our performance goals and price points. Meanwhile, sophisticated onboard units (OBUs) enable geolocation and complex computation in support of handover. In this paper, we present an overview of vertical handover techniques and propose an algorithm empowered by the IEEE 802.21 standard, which considers the particularities of the vehicular networks (VNs), the surrounding context, the application requirements, the user preferences, and the different available wireless networks [i.e., Wireless Fidelity (Wi-Fi), Worldwide Interoperability for Microwave
Breaking the Vehicular Wireless Communications
Barriers: Vertical Handover Techniques for Heterogeneous Networks
Nowadays, the automotive industry is manufacturing vehicles with onboard units (OBUs) containing several communication interfaces such as Wireless Fidelity (Wi-Fi), Universal Mobile Telecommunications System (UMTS), Bluetooth (BT), near-field communication (NFC), and even some prototypes with Worldwide interoperability for Microwave Access (WiMAX), as well as improved GPS receivers. With the combined use of such resources, end users' demand within vehicular networks (VNs) is evolving from short safety messages toward online multimedia sessions. To meet these new end users' demands and to improve their quality of experience (QoE), connectivity should be guaranteed with an adequate quality of service (QoS).
Current outdoor wireless communication technologies offer solutions that differ in aspects such as coverage, data rate, frequency, and modulation. The heterogeneity of such technologies, rather than being a pitfall for vehicular communications, should be seen as an advantage, since vehicles can make the most out of the diverse wireless technologies to maintain continuous communication while journeying from one location to another. Fig. 1 shows a particular vehicular itinerary within an urban environment with heterogeneous wireless access coverage, with correspondingly different ranges.
Within VNs, a vehicle is considered a node of the network, being equipped with multiple interfaces that provide access to different technologies such as GPS, Wi-Fi, WiMAX, UMTS, and Long-Term Evolution (LTE). Vehicles are able to communicate among themselves and with their point of attachment (PoA) [access points (APs) or base stations (BSs)] under the ad hoc or the infrastructure modes [1] , respectively. The vehicular contexts are, from a wireless communications point of view, highly dynamic, and vehicles must be able to deal with heterogeneity through context awareness and vertical handover (VHO) capabilities. To provide context awareness, the vehicles and the networking elements (e.g., BSs or APs) should offer useful information about the status of the network, geolocation, the network provider assets, and their specifications. Moreover, vehicles should offer information not only about their technological capabilities but relevant information in terms of user preferences as well. Regarding VHO, the elements of the network should integrate the IEEE 802.21 standard primitives [2] to enable the capabilities of the media-independent handover function (MIHF) protocol to provide a homogeneous interface for seamless handovers among heterogeneous wireless networks (e.g., Wi-Fi, WiMAX, UMTS, and LTE). Furthermore, to choose the most suitable correspondent node (CN)-from the set of available heterogeneous wireless access networks-that fulfills the QoS connectivity requirements, a decision-making process must be performed considering several context factors, as well as the performance of the different networks; this process must be accurate and fast to avoid negatively impacting connectivity or QoE.
In this paper, we present a vertical handover decision algorithm (VHDA) designed for VNs that falls under the infrastructure mode category, i.e., AP-based communications rather than the traditional ad hoc mode, the so-called vehicular ad hoc networks (VANETs). The VHDA proposed is empowered by the IEEE 802.21 standard. Our proposed solution, to select a CN to hand over to, considers several factors such as the geolocation coordinates, driving itinerary (the route to reach location B from location A), map layouts (the road directions and layout), user preferences regarding tradeoffs between price and network performance, and surrounding heterogeneous wireless networks (available wireless and mobile networks). Moreover, the decision-making process proposed is based on a multiplecriteria decision-making (MCDM) algorithm that selects the network that best meets the end-user connectivity requirements. The VHDA is also extensible to other highly dynamic mobile networks.
II. RELATED WORK

A. Vertical Handover in Heterogeneous Networks
Stemm and Katz [3] proposed one of the first vertical handover schemes by allowing handovers among the IBM infrared wireless local area network, the AT&T WaveLAN, and the Metricom Ricochet Network, in building, campus, and widearea wireless technologies, respectively, that were available in those days. Their proposal also took into account Mobile IP (MIP) and routing for mobility issues. This early work set the stage for dealing with heterogeneous networks through vertical handover methods.
In the past few years, with the advent of new wireless technologies, several works have tackled VHO among a wide variety of wireless technologies such as UMTS, Wi-Fi, LTE, wireless broadband, ZigBee, radio-frequency identification, BT, digital video broadcasting, and multimedia broadcast/ multicast service, or even low Earth orbit (LEO) satellite [4] . Most proposals consider a wireless environment where the user equipment is a mobile phone or a laptop within a pedestrian mobility model or scenarios with low mobility. Moreover, most proposals evaluate the VHO using only two technologies (usually Wi-Fi and UMTS), and only some works have considered three or more technologies [4] .
Over the same period, vehicular communications have been improved by adding short-and long-distance communication devices, GPS, and sensing systems to vehicles. All these communication capabilities work under highly dynamic vehicular scenarios.
The use of GPS information to improve handover and the network selection process, in the scope of a single type of wireless network, has been widely studied [5] - [7] . Geolocation information can also be applied to improve the decision-making process to hand over among heterogeneous networks. Ylianttila et al. [8] presented one of the first approaches, using GPS to manage the current location of the mobile device. Their proposal considered the handover scenario under Wi-Fi and UMTS cells. The authors performed the decision-making process by considering the received signal strength (RSS) of the CNs. Using GPS information (coordinates, speed, and direction), the mobility prediction can be improved, and a couple of works take advantage of it to improve the VHO process by predicting the path and the next most likely PoA within the path [9] , [10] . Wang et al. [11] presented a VHO method that considers several factors such as RSS, data rate, bit error rate (BER), and movement trend; to select the network that best suits the prioritized decision parameter, this method relies on a decision-tree, where, depending on the parameter selected at each decision event (node), the decision process may continue or not through that branch. Moreover, this solution considers 3G, WiMAX, and the IEEE 802.11p as underlying connectivity technologies. However, the solution does not consider the IEEE 802.21 as part of the VHO framework, having to deploy a customized solution to provide communication among the different network interfaces and network entities. Wang et al. [12] considered also WiMAX as part of the underlying connectivity, along with Wi-Fi. They take into account the particularities of the governing protocols, such as awakening times, sleep modes, and protocol data units to enable the decision-making process. When this contribution was made, IEEE 802.21 had not been released; therefore, they did count with such a flexible tool when dealing with heterogeneous networks. So far, there have been works that focus on the decisionmaking process by relying on fuzzy logic [13] , [14] , or multiple-attribute decision-making [15] - [17] techniques, taking into account several factors such as RSS, mobility, speed, distance among the APs, geolocation, and data rates. Nevertheless, these works focus solely on the decision-making process and do not take into account the IEEE 802.21 standard to perform not only the decision-making but the supporting processes as well, such as gathering/updating information, the VHO itself, and managing the data flows among network interfaces.
B. Protocol for Handovers in Heterogeneous Networks
Since 2004, the IEEE 802. 21 Working Group has been working on the media-independent handover (MIH) service protocol [2] , whose purpose is to provide a homogeneous function interface between heterogeneous network technologies. Currently, there are works addressing the performance of the IEEE 802.21 technology [18] and real implementations on operating systems, smartphones [19] , and tablet devices [20] .
The IEEE 802.21 standard specifies media-accessindependent mechanisms that optimize handovers among heterogeneous IEEE 802 systems and cellular systems. The standard defines the MIHF protocol, which describes the messages exchanged between peer MIH entities, offering a common message payload across different technologies (802.3, 802.11, 802.16, and cellular). The basic services offered by the MIHF are the media-independent event service (MIES), the media-independent information service (MIIS), and the mediaindependent command service (MICS). Each service interacts, via messages, with the upper and lower layers.
The MIES detects the changes in the lower layers, e.g., changes in the physical channel conditions. The MIHF notifies events occurring in the lower layers to the MIH users (MIHUs) as they have requested. The MIES covers events such as state change events (link up, link down, link parameter changes), predictive events (link going down), and network-initiated events (load balancing and operator preferences). The MIIS allows the MIHF to discover its network environment by gathering information that the upper layers use to make decisions. The information elements refer to the list of available networks, location of PoA, operator ID, roaming partners, cost, security, QoS, PoA capabilities, and vendor-specific information.
Finally, the MICS allows the MIHU to take control over the lower layers through a set of commands. With the information gathered by the MIES and MIIS, the MIHU decides whether to switch from one PoA to another. The commands allow the handover entity not only to execute the handover but to set different parameters in the lower layer elements as well.
To our knowledge, within the VNs field, there are no VHO works taking into account the context and the route information, based on geolocation; the use of Wi-Fi, WiMAX, and UMTS as underlying wireless technologies; the network status; the user profiles (preferences); the running application requirements; and the homogeneous management for heterogeneous networks, based on the IEEE 802.21 standard. This paper studies the VHO process considering all the given factors.
III. SMART NEIGHBORHOOD-AWARE DECISION ALGORITHM
In this section, we will describe the neighborhood-aware vehicular handover algorithm (NAIRHA), which is an enhanced VHDA designed for VNs, that takes into consideration the surrounding context, different available types of wireless networks, networking elements information, geolocation features (location and navigation), user preferences, and application requirements, to select the most suitable CN. NAIRHA makes use of the IEEE 802.21 standard, using the MIIS to collect networking information, the MICS to interact with the different network interfaces, and the MIES to sense the state of the networks. Moreover, the location and navigation information enhances the surrounding context data by allowing mobile devices to continuously gather information from the current and soon-to-be-reached neighborhoods. Concerning the decision-making process, NAIRHA uses the simple additive weighting (SAW) algorithm-an MCDM algorithm-to fairly evaluate the candidates and choose the most suitable one that meets the multiple requirements defined.
NAIRHA has several modules residing on the OBU, which are grouped into three sets of tasks (neighborhooding, decision-making, and networking) that perform different duties to achieve seamless handover to the most suitable CN. Moreover, NAIRHA is able to take advantage of the features of the current OBUs offered by the automotive industry 1 and the OBUs based on smartphones or arduino-type devices [21] , such as multiple networking interfaces, GPS information, maps and routes, without having strict energy constrains due to the continuous power supply in the vehicles. Fig. 2 shows the flow diagram of NAIRHA. We now proceed to describe the main components of the algorithm.
A. Neighborhooding Task Components
One of the features of NAIRHA is the introduction of the neighborhood concept, which is the use of the surrounding context information based on the geolocation of the vehicle while it is moving within a navigation route. Basically, a neighborhood is a collection of information related to the surrounding heterogeneous networks and their connectivity elements for a given location. To manage a neighborhood, the following modules are required.
1) GPS Module:
This module is in charge of two main duties: navigation route calculation and geolocation calculation. This module can be queried at any time by other modules, providing as an output the current geolocation, the route to reach a certain location, and/or the future geolocation if the itinerary is followed at the current average speed (considering the recent speed history).
2) Neighborhood Database: The database stores information in the OBU regarding the current and soon-to-be-reached neighborhoods. The MIIS service is used to retrieve information from the different MIIS databases located at different points of the network. The information retrieved includes the ID of the network, the ID of the PoA, its geolocation, coverage, monetary cost per MB of data delivered, nominal data rate offered, and the data rate achieved by the most recent set of users [2] . Concerning the soon-to-be-reached neighborhood, the information retrieved is related to the PoAs that will be part of the surrounding context in the near future. Depending on the frequency with which the neighborhood is being updated, and on how much distance is being considered in advance from the location sample, the current and the soon-to-be-reached neighborhood could store the same or different information. Therefore, retrieving the information and updating the neighborhood database with consistent information is a crucial process.
The sensing period (SP) defines how frequently the neighborhood database must be updated by querying the GPS module and the MIIS databases; such queries are performed by the OBU. The prediction window (PW) is a period of time that is translated into the distance within the path that will be covered during such time. Summarizing, the SP is related to how fresh the data stored in the neighborhood database is, whereas the PW is related on how accurate this information is since a bigger PW will tend to be associated with a higher probability of error than a small PW. We shall achieve a good tradeoff between SP and PW, and the calculation of desirable SP and PW is presented in Section III-C2.
When establishing a neighborhood, to determine whether a PoA is within the neighborhood, the Haversine formula [22] is used to compute the geodistance from the current geolocation of the vehicle to the geolocation of each PoA discovered by querying the MIIS databases. The geodistance is calculated as
where R is the mean radius of the Earth, ϕ denotes latitude, and λ denotes longitude. The difference of the latitude between the geolocation of the vehicle and the PoA is denoted by Δϕ and the difference regarding the longitude by Δλ. Each entry in the neighborhood database stores the features of each PoA that is within the neigborhood, as well as the useful coverage time (UCT) for the PoA. The latter time is calculated considering several factors under the cell coverage, as explained in the following.
3) Useful Coverage Time: The UCT is the time that the mobile spends within the coverage area of a cell while able to obtain the peak data rate from that cell. This time may vary due to several issues such as whether the itinerary tangentially crosses the coverage area or the existence of overlapping coverage areas along the itinerary path, as illustrated in Fig. 3 . Moreover, the UCT may also vary due to QoS fluctuations at the edge of the cells, which are associated with the impairments the wireless signal may suffer, such as path loss and fading. To estimate the QoS border cell that guarantees the QoS up to a given distance within the path, we use the distance reception probability (DRP) module described in Section III-C1.
B. Networking Components 1) Sensing the RAN Module:
This module is in charge of sensing the heterogeneous wireless radio access networks (RANs) available at the OBU. The module periodically sends and receives information about the network status, e.g., router advertisement (RA), router solicitation (RS), and LINK SCAN. To interact with these interfaces, NAIRHA uses the IEEE 802.21 services, i.e., MIES and MICS, to check the link status and received reports. When an event occurs at the physical/medium access control (PHY/MAC) layer, the interfaces receive a trigger event that launches different sequential processes (decisionmaking and VHO execution); through the MIES, different events (e.g., LINK DETECTED, LINK DOWN, or LINK RESPONSE) are notified to the upper layers to execute the different actions associated with a VHO process. Moreover, any further actions defined by the upper layers are executed by the lower layers using the primitives and commands provided by the MICS.
C. Decision-Making Components
At the decision-making process, several parameters are evaluated together to choose the best network candidate. Those parameters are the results of processes performed by the DRP module, the useful coverage estimation, and the application requirements and user preference modules. We now proceed to describe these modules.
1) DRP Module:
NAIRHA not only considers the most suitable CN to switch to but it also attempts to select the best time to leave the previous PoA and join the new one. To do so, the DRP module estimates the packet loss conditions associated with the different networks at different distances between the vehicle and the PoA. The estimation model used by this module should be chosen according to the characteristics of the underlying networks where it will be applied. Several models can be found in the literature [23] - [25] . Moreover, models can be calculated using the geolocation and the network status information measured by the vehicles, which it has stored in the MIIS database. For example, Fig. 4 presents the packet loss as a function of distance to the PoA for both Wi-Fi and WiMAX technologies, which is obtained from our measurements of real Wi-Fi and WiMAX networks [26] .
2) Useful Coverage Estimation Module: Before describing the useful coverage estimation process, we must discuss the latency involved in a VHO process since high latency could be a symptom of packet loss and service disruption, thus degrading the application performance. The following equation describes the different components of this latency:
where VHO L2 is the latency referred to the association process at the link layer, and VHO L3 is related to the IP level processes (i.e., IP address negotiation between the interface and the PoA). Finally, VHO MIP is the time taken by MIP for notifying the end nodes and updating the home and foreign IP addresses when managing mobility. The useful coverage estimation module has the task of calculating the minimum coverage time required to make it worthwhile to hand over to the candidate cell. Based on the UCT and the VHO Lat this module estimates the cell coverage time (CCT) as
where α is the proportion of the UCT during which the system is able to tolerate the adverse effects of VHO (which include both packet loss and latency). Moreover, this module is also in charge of calculating the values of SP and PW, such that a desirable SP must be smaller than the CCT min and (SP des < CCT min ), meaning that, before the current neighborhood information becomes outdated upon reaching the CCT, the SP must obtain fresh information about the soon-to-be-reached neighborhood. This parameter determines how often the information must be collected.
We have also defined a desirable PW value, such that
where β is a multiplier that can be tuned according to the OBU and the system performance, and it is expected to take values in the range of 1 to 2 (i.e., 1 < β ≤ 2). Therefore, a suitable window size must be at least double the amount of SP time in terms of future information [27] .
3) Application Requirements and User Preferences Module:
We have defined user profiles to classify the user preferences. Each profile considers both application requirements and the user's budget. Based on the Third-Generation Partnership Project traffic classes and QoS specification [28] , the defined profiles are the following.
• Maximum Performance: Under this profile, the VHDA always selects the best performing network among all the possible choices, regardless of the associated cost.
• Streaming: The VHDA is optimized to choose those networks that offer not only high throughput but also low packet loss ratio.
• Conversational: Similar to the streaming profile, this profile considers a low packet loss ratio as an important factor, but in this profile, a low latency per packet is also critical when choosing a CN. Throughput is not so significant, and neither is cost.
• Minimum cost: This profile is based on the user's budget, and it considers the price that user is willing to pay as the most important factor in the decision-making process. If the user budget is low, the cheapest network available will be always the best choice.
The application requirements are a list of parameters that the VHDA takes into account, in conjunction with the user preferences, for evaluating the best CN. This list contains N parameters evaluated by an MCDM algorithm. That way, all of them are considered and weighted by the decision-making process when selecting the most suitable network. Parameters include the following:
• Throughput: the minimum throughput required by the application; • Latency per packet: the maximum latency that the application is able to tolerate; • Packet loss ratio: the losses that the application can tolerate; • Price per MB: the price that the user is willing to pay for the service.
4) SAW-Based Network Assessment Function:
As aforementioned, an MCDM algorithm is used to evaluate the criteria enumerated earlier. The algorithm is based on the SAW algorithm. We define the ratio among the candidate network parameters (CNPs) and the application requirement parameters (ARPs), which are called the parameter ratio (PR), as
assuming ARP i , and CNP i are greater than zero. To adjust the importance (relative weight) of the requirements for each CN, as a function of the user profile, a multiplier is required. Factors ω i are profile specific and allow modifying the weight of each PR element, according to
where i is an element of the application requirements list. The weights must be calibrated properly; they can be calculated in real time at the MIIS server based on the information gathered from the vehicles, and also from any other network entity, as long as such functionality relies on the MIIS service of the IEEE 802.21 standard; such information includes the geolocation, availability and state of the network, and whether the vehicle had just performed a handover. That collected data provides the information needed to calculate the weights in a centralized manner, but the decision-making process is performed at the vehicle's OBU and distributed in the sense that vehicles will make the decision based upon their own profiles and requirements, such as the distributed solution applied by Fazio et al. [29] .
To obtain the results presented in this paper, we used a Monte Carlo process, whose details are included in Section IV-C.
5) Decision-Making Process:
For the decision-making process, NAIRHA evaluates three factors in the following priority order.
• The UCT is calculated and evaluated to decide, based on this value, whether it is worth handing over to the evaluated candidate network (CN); networks with a too short UCT are disregarded.
• Based on the DRP required, NAIRHA verifies whether the CN is able to fulfill such requirements. Networks with a DRP lower than the minimum required are not selected.
• Finally, the SAW function calculates the CN MCDMValue , as shown in (6) for each CN. Once all the values are obtained, they are compared, and the CN with the highest value is chosen. It means that the chosen network is the most suitable network when attempting to fulfill the application requirements under a certain user profile.
When the decision-making process finishes, the VHO execution process performs its tasks and seamlessly switches from the old network to the selected CN, executing the MIP notification process and redirecting the traffic flows.
The pseudocode in Algorithms III.1 (procedures) and III.2 (main) describes the auxiliary procedures and the main procedure, respectively, that rule NAIRHA. 
D. Discussion
Earlier, we have introduced the decision-making process in NAIRHA, which is a three-step process. In the first two steps, we exclude the infeasible CNs, and then in the third step, we select the best CN based on the requirements, as described by the auxiliary and main procedures in the pseudocode presented.
Another approach is to formulate this decision-making process as four distinct single-objective constrained optimization problems. In each of these problems, the objective is either throughput, latency per packet, packet loss ratio, or price, and the remaining objectives become the constrains of that optimization problem. For example in the throughput maximization problem, the constrains are the latency per packet, packet loss ratio, and the price. Moreover, the optimization problem must include other constraints on UCT and DRP (mentioned in the first and second steps of NAIRHA's decision process). However, the boundaries of these requirements are not clear, and the training is performed from a subjective point of view, which makes the definition of the exact constrains extremely difficult. To overcome these difficulties, and to propose a practical solution, we define the multicriteria decision-making procedure and determine the weights for each profile using a Monte Carlo process.
IV. ALGORITHM EVALUATION
This section describes the tools, the scenario, and the tuning of the NAIRHA parameters used to evaluate the performance of our proposed algorithm.
A. Simulation Tools
The National Institute of Standards and Technology (NIST) mobility package for the Network Simulator (ns-2) [30] , [31] , in conjunction with EURANE [32] , can simulate Wi-Fi, WiMAX, and UMTS technologies, including VHO. Furthermore, the NIST add-on also enables the MIES and the MICS of the IEEE 802.21 standard to interact with heterogeneous network interfaces under homogeneous standard primitives.
Since NAIRHA requires the IEEE 802.21 MIIS, we have developed (by extending the NIST add-on) an MIIS considering local and remote databases, which store the PoA container information, being able to read and write information via XML files, strictly following the IEEE 802.21 standard. Our implementation is also capable of updating the status of the PoA container via notifications performed by the vehicles, as suggested by Andrei et al. in [33] .
We have also implemented a GPS add-on module for ns-2, which manages the GPS coordinates, maps, and routes, to select an itinerary to travel from the current geolocation to any destination. The GPS module also translates the geolocation coordinates into traveling time, to allow the NAIRHA algorithm to know where the vehicle is expected to be at any moment in the future.
To be able to simulate and to study the impact of the DRP, we have modified the MAC layer behavior of both 802.11 and 802.16 protocols in the simulator. All the modifications incorporate the prior modifications done by the NIST at the MAC layer [34] .
B. Simulation Scheme
In our experiments, we used a scenario with vehicles moving at 32 km/h from the Universitat de València campus (origin) to the Universitat Politècnica de València campus (destination) in the city of Valencia, Spain. Fig. 5 shows an itinerary covering a distance of 5.5 km in a 3.75-km 2 area. Our GPS module manages all the coordinates for the itinerary. Moreover, the MIIS provides information about the available networks and their respective PoAs within the simulated area, as also shown in Fig. 5 . Table I summarizes the main configuration set for the experiments. As observed, there are one UMTS, eight Wi-Fi, and three WiMAX PoAs covering different areas with distinct offered data rates. It is important to point out that UMTS TABLE I  VHO SCHEME COMPONENTS   TABLE II  NETWORK PARAMETERS covers the whole scenario, meaning that the UMTS technology is always the backup connectivity technology for this set of experiments.
Moreover, we have configured each network in the scenario with different performance parameters. By doing this, we generate different alternatives to evaluate the CNs. Table II presents  the parameter set for each network, and Table III presents the minimum requirements for the video session that must be fulfilled by the chosen networks during the simulation. We have considered video streaming traffic since video is expected to be a major component of the increase in demand for mobile services in the near future.
C. Tuning NAIRHA Parameters
The VHOLat considered for each technology has been extracted from real measurements of Wi-Fi handovers performed [35] , [36] . We have set α to 5%, and β is 1.
The DRP used for these experiments is based on real measurements. To obtain a model for the channel behavior, we have performed several measurements within the Universitat Politècnica de València campus and the University of Murcia campus, obtaining Wi-Fi and WiMAX results, respectively. For measurement purposes, a 1500-B packet size was used. It is important to point out that the measurements were taken at the MAC level to model the PHY/MAC behavior. The reception probability as functions of distance based on a curve fitting interpolation for the performance of the two networks is presented in (7) and (8), shown at the bottom of the next page. The threshold chosen for the DRP was 40%.
Regarding the calibration of the weight values ω i , to calculate the appropriate values of each parameter, for the different user profiles, we have adopted a two-step Monte Carlo process. The Monte Carlo process is fed by a training set, considering ten different networks with distinct performance and characteristics (among Wi-Fi, WiMAX, and UMTS). We defined a training set with a total of 270 VHO decisions, combining the different networks at different utilization states. The decisions in the training set were made from a subjective point of view, considering all the ARPs and CNPs.
The first step of the Monte Carlo process was to determine the best ω values, out of 3 million runs, based on the training set. The success rate is measured in terms of similarity to the decisions used as input to the process. Once the ω i values were chosen, we proceeded to the second step of the Monte Carlo process, adding other 3 million runs to refine the ω i values obtained in the first step. In particular, the variation interval for the ω i values was 1%. This second step provides even more accurate ω values. Table IV presents the ω values optimized for each user profile. These sets of values achieve a success ratio of about 82% for the VHO decision process when NAIRHA is applied. 
D. Performance Evaluation
To evaluate the NAIRHA performance, we have performed numerous simulations varying the user profile. We have compared the performance of NAIRHA to the performance of three other algorithms available in the literature. Therefore, we have also implemented and performed the technology-aware [37] , multiaccess network handover algorithm for vehicular environments (MACHU) [27] and the geolocation-based multiaccess network handover algorithm for vehicular environments (Geo-MACHU) [26] VHDAs to conduct experiments under the same conditions and to perform a fair comparison. A 95% confidence interval was obtained for all the simulations performed for all algorithms. Fig. 6 shows the connectivity adopted by NAIRHA for each user profile, for the same ARP. As can observed, different networks are chosen depending on the selected profile. To compare the performance levels associated with the different algorithms, Fig. 7 presents the connectivity behavior of the Geo-MACHU algorithm with a DRP threshold of 40% at the QoS border, showing the active network interfaces, and performing 11 VHO events, as well as the performance of Tech-aware and MACHU, performing 18 and 15 VHO events, respectively. Table V summarizes the connectivity behavior by presenting the number of VHO events. As shown, a different number of events take place, depending on the user profile. Despite the conversational and maximum performance profiles having resulted in the same number of VHO events, the selected networks are different, thus reaching different performance. To reinforce this profile dependency, Fig. 8 presents the dwell time per technology, i.e., the total time each interface was active during the simulation.
With respect to cost, we can observe in Fig. 9 that the different user profiles are also associated with different costs. We can confirm that the minimum cost profile was able to meet the original goal by choosing the networks in an accurate manner, thereby reducing the total cost of the video session. However, this profile is intended to optimize the cost in detriment of the remaining application requirements. In fact, we can observe in Figs. 10-12 , that the minimum cost profile achieves poor performance, having a packet delivery ratio of only 65%; the same is true for Geo-MACHU, and even worse performance is achieved by the MACHU and Tech-aware solutions. We also observe that the maximum performance profile achieves the highest performance (i.e., low latency, high throughput, and low packet loss rate) by selecting the CNs with better performance but paying the highest cost for those high-quality services. We can observe that the streaming, conversational and maximum performance profiles obtain the 1 Mb/s desired, whereas the minimum cost and Geo-MACHU 40% profiles achieve about 640 Kb/s; the MACHU and Tech-Aware solutions are hardly able to surpass the 500-Kb/s threshold since their priority is not performance but rather the cost, geolocation, or prioritized technology. Concerning latency and packet loss, we observe that streaming, conversational, and maximum performance profiles achieve different tradeoffs between performance and cost. We can observe that those profiles achieve better performance in terms of latency (see Fig. 11 ) and packet losses (see Fig. 12 ), whereas the other profiles do not optimize these parameters.
V. CONCLUSION
In this paper, we have proposed a VHDA called NAIRHA. The algorithm selects the most suitable candidate network that fulfills the connectivity requirements, taking into account the user preferences, within vehicular contexts. To do so, NAIRHA takes advantage of the current features of the OBUs such as GPS-based geolocation and geonavigation, multiple wireless network interfaces, continuous power supply, and powerful computing resources. Moreover, the services provided by the IEEE 802.21 standard help to empower NAIRHA.
Throughout simulation, we have demonstrated that NAIRHA is able to accurately select the best candidate network according to the connectivity requirements based on the user preferences and application requirements.
Our approach targets infrastructure-based VNs rather than VANET-based solutions. Moreover, our approach relies on and benefits from the IEEE 802.21 standard. A future improvement will consist on including VANET technologies and protocols (e.g., DSRC and IEEE 802.11p) to aggregate the information collected through car-to-car communications and to deliver such information to the MIIS databases to enhance the knowledge and the decisions adopted under our approach. He is currently a Principal Investigator on research projects funded by the National Science Foundation in the United States, the Science Foundation Ireland, and the European Commission under Horizon 2020 and Framework Program 7. He is a coprincipal investigator of CONNECT: the Telecommunications Research Centre in Ireland. His research interests include distributed and adaptive resource management in wireless networks, particularly wireless resource sharing, dynamic spectrum access, and the application of game theory to wireless networks.
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